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Aknowledgeofthebehaviorofchondrocytesincultureisrelevantfortissueengineering.Chondrocytesdediﬀerentiatetoaﬁbroblast-
like phenotype on plastic surfaces. Dediﬀerentiation is reversible if these cells are then cultured in suspension. In this report a descrip-
tion is given of how when chondrocyte aggregates formed in suspension are next seeded on plastic, most of them attach as round
or polygonal cells. This morphological diﬀerentiation, with synthesis of type II collagen, is stable for long culture periods. This sim-
ple method can be of use as a model for studies of chondrocyte behavior on plastic. The results indicate that in addition to culture
conditions, such as cell isolation method or cell density, chondrocyte behavior on plastic depends on the presence of aggregates.
INTRODUCTION
Many studies [1, 2, 3], although with some exceptions
[4],reportthatchondrocytesculturedonplasticlosetheir
round shape and dediﬀerentiate to a ﬁbroblast-like phe-
notype forming a monolayer of ﬂattened cells. In sus-
pensioncultures,chondrocytesdonotdediﬀerentiate,but
demonstrate an inability to proliferate [2, 5, 6, 7, 8, 9, 10,
11, 12, 13, 14].
To overcome the dediﬀerentiation of primary chon-
drocytes, or to achieve rediﬀerentiation of previously pro-
liferated chondrocytes, various culture models have been
designed, including suspension cultures in spinner ﬂasks
[15], dishes coated with a nonadherent substrate [5, 16],
high-density cultures [17, 18, 19] or embedding in gels,
whether collagen [20, 21], ﬁbrin [22, 23, 24], agarose
[2,7],oralginate[3,11,13,25,26].Matrigelhasalsobeen
used [27].
The study of dediﬀerentiation and rediﬀerentiation
requires a suitable culture model which supports such
processes and permits the stable presence of diﬀerentiated
or rediﬀerentiated cells. However, primary chondrocytes
on plastic undergo a dediﬀerentiation characterized by
speciﬁc morphological changes from rounded and polyg-
onal to ﬁbroblast-shaped cells and a switch in the expres-
sion of cartilage-speciﬁc type II to type I collagen, among
other metabolic changes [28, 29].
Various routes have been investigated with a view
to maintaining diﬀerentiated chondrocytes in culture,
including serum-free deﬁned media, conditioned media,
chondrocyte transformation, or chondrocyte immortal-
ization with viral oncogenes [30]. Various chondrogenic
cell lines from diﬀerent sources, including primary chon-
drosarcomas, which reproduce some steps of the chon-
drocyte diﬀerentiation program have also been studied
[10, 31].
However, in the way of study of these aspects is the
poor phenotypical stability of chondrocytes in culture.
The simple culture method described here, which permits
considerable phenotypic stability, seems likely to prove
helpful in overcoming these problems.
MATERIALS AND METHODS
Chondrocyteisolationandculture
Auricular cartilage was obtained from young New
Zealand White rabbits aged one to three months. The
perichondrium was carefully removed. Samples were cut
into approximately 1mm3 pieces. Dissociation was ac-
complished in the culture medium, without fetal calf
serum, containing 2mg/mL collagenase (type II, Sigma)
and 0.1mg/mL testicular hyaluronidase (type IV, Sigma)
for 6–8hours at 37◦C. The resulting cell suspension was
ﬁltered through a nylon mesh, centrifuged at 300Xg
for 5minutes and the cells resuspended in the culture
medium. Cells were cultured as primary cultures on plas-
tic (adherent conditions) or in suspension (aggregating
conditions).
In adherent conditions, cells were cultured in Dul-
becco’s modiﬁed Eagle’s medium (Sigma-Aldrich, St
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glutamine (Sigma) and 0.5mL/L of an antibiotic antifun-
galsolution(Sigma)in25cm2 tissuecultureﬂasksat37◦C
in a water-saturated atmosphere containing 5% CO2.T h e
medium was changed every 2–3 days. The initial cell den-
sity was 104 cells/cm2. Cultured to conﬂuence, cells were
trypsinized and subcultured in a variable number of pas-
sages.Finally,theywereseededonThermanoxplasticcov-
erslips (Nunc A/S, Roskilde, Denmark) on 24-well plates
to facilitate later processing.
In aggregating conditions, chondrocyte aggregates
were obtained by culturing cells in suspension on a non-
adherent surface (2% agar in PBS) in conditions as above.
This method prevented cell ﬂattening and they formed
small aggregates that grew for about 7 days and then re-
tained their size and characteristics for long periods. Ag-
gregates were made from primary and monolayer subcul-
tured chondrocytes with similar results.
Finally,aggregatescultured for1 to 8 weeks in suspen-
sion were either seeded on plastic or added to conﬂuent
monolayers of proliferated and dediﬀerentiated chondro-
cytes.
Lightmicroscopy
In addition to daily observations of cultures, cells
were ﬁxed with ethanol/acetic acid (99:1), dehydrated
in ethanol and stained with hematoxylin-eosin. In other
samples the extracellular matrix was stained with tolui-
dine blue and alcian blue 8 GX (Sigma) at pH 1.0.
TypeIIcollagendetection
Indirectimmunoﬂuorescencewasperformedbyincu-
bating ﬁxed (as above) and washed cultures for 2hours
with primary antibodies against type II collagen (mouse
monoclonal anti collagen II, Sigma, 1:1500) diluted in
PBS. Then samples were washed twice in PBS and in-
cubated for 1hours with FITC-conjugated secondary
antibodies raised in goat against mouse IGM (Sigma)
previously diluted 1:50. Washed twice in PBS, samples
were mounted with a non-ﬂuorescing mounting medium
(Sigma). Control experiments were carried out in auric-
ular cartilage and in dediﬀerentiated chondrocyte mono-
layer cultures by repeating the processing with or without
primary antibody.
RESULTS
This paper describes diﬀerent cell shapes. The follow-
ing general terms will be used: round cells (spherical cells
without cell processes), polygonal cells (cells not totally
spherical, sometimes with short cell processes), ﬁbroblas-
tic cells (enlarged and ﬂattened cells with long cell pro-
cesses)andpolymorphiccells(cellsofgreaterdimensions,
v eryﬂattened,withv erylongcellpr ocessesandv eryirreg-
ular contours).
Cellsculturedonplastic
Auricular chondrocytes lost their characteristic round
shape and grew with a ﬁbroblast-like phenotype on plas-
tic (Figure 1a). Dediﬀerentiated chondrocytes showed a
typical spindle-shaped morphology with long ﬁlopodia.
No special cell rearrangements occurred, nor were dif-
ferentiated subpopulations present. Dediﬀerentiated cells
showed an easy substrate attachment and a fast prolifer-
ation which formed conﬂuent monolayers of ﬁbroblas-
tic cells. Neither round nor polygonal cells were observed
in considerable quantity. Subsequent subcultures main-
tained this behavior, but a change in cell shape progres-
sively took place. This consisted of the appearance of very
large and shortly ﬂattened cells, termed polymorphic cells
(Figure 1b) owing to their irregular shape. Indirect im-
munoﬂuorescence of type II collagen showed no labelling
(Figure 1c).
Cellsculturedinsuspension
When primary or subcultured chondrocytes were cul-
tured in suspension, cell ﬂattening proved impossible and
manysphericalaggregatesofroundcellsappearedﬂoating
in the culture medium (Figure 1d). They grew for about
7 days, and progressively developed a dense alcian-blue-
positive pericellular matrix. Aggregates were very stable
in culture; when cultured for 1 to 8 weeks, no appreciable
changes occurred in their appearance, except for a ﬂatten-
ing of their peripheral cells which recalled the perichon-
drium in vivo (Figure 1e). The central cells were round,
their pericellular matrix showed an aﬃnity for alcian blue
and toluidine blue metachromatic staining and their syn-
thesis of type II collagen was intense (Figure 2a) like that
of diﬀerentiated or rediﬀerentiated chondrocytes. These
characteristics coincide very well with those described by
S t e w a r te ta l[ 32] in equine articular chondrocytes and
Estrada et al [33] in porcine epiphyseal chondrocytes.
Aggregatesculturedonplastic
Aggregates of primary or subcultured chondrocytes
transferred onto a plastic surface slowly adhered to it.
Thereafter, peripheral cells expanded from their borders,
growing radially and forming structures very similar to
the chondrogenic plates of embryonic culture models
(Figure 2b).Peripheralﬂattenedcellswereinitiallyﬁbrob-
lastic in shape, but they were progressively transformed
into polymorphic cells, very irregular cells of greater di-
mensions with a high content in vacuoles. In the centers
of the plates, very numerous round cells, which some-
times formed cartilaginous nodules, were surrounded by
polygonalcells(Figure 2c).Withregardtomonolayercul-
tures, the cell proliferation rate apparently decreased, be-
cause cells did not cover all the available plastic surface.
Many cells remained in suspension, ﬂoating in the culture
medium, suggesting a decrease in substrate adhesion.
Aggregates previously kept in suspension for 1 to 8
weeks were cultured on plastic. Aggregates cultured for 1
week formed chondrogenic plates with many round and
polygonalcellsandfewﬁbroblasticandpolymorphiccells.
Round and polygonal chondrocytes were very stable in
their shape and they did not change their behavior over88 V. Villar-Su´ arez et al 2004:2 (2004)
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Figure 1. (a) Dediﬀerentiated chondrocytes with a ﬁbroblast-like phenotype in primary culture on plastic, OM 50 X. (b) Subcul-
tured chondrocytes on plastic show the appearance of some polymorphic cells (arrow), OM 50 X. (c) Immunoﬂuorescence of type II
collagen shows a negligible labelling in conﬂuent monolayers, even in primary cell cultures, OM 25 X. (d) Dediﬀerentiated chondro-
cytes cultured in suspension for one week form aggregates of round cells; note the round shape of peripheral cells (arrow), OM 50 X.
(e) Aggregates cultured in suspension for more than one week show peripheral perichondrium-like cell ﬂattening (arrow), OM 50 X.
long culture periods of more than three months. These
cellsdevelopedarefractilepericellularmatrix.Roundcells
frequently detached from the plastic, remaining in sus-
pension.
When the time that aggregates had been in suspen-
sion increased, the relative numbers of round and polyg-
onal cells decreased, and ﬁbroblastic and polymorphic
cells were more abundant. Aggregates cultured for 7 and
8 weeks in suspension produced only polymorphic cells
on plastic. It is interesting to note that during this time
a perichondrial-like layer progressively developed and
that ﬁbroblastic and polymorphic cells, always peripheral,
were able to derive from this layer.
Incultureswithroundandpolygonalcells,typeIIcol-
lagen was extensively produced (Figure 2d), but in cul-
tures with a great number of polymorphic cells the syn-
thesis of type II collagen was negligible.
Additionofaggregatestodedifferentiated
monolayercultures
Toascertainwhetherthediﬀerentiationstateoftheag-
gregateshassomeeﬀectondediﬀerentiatedchondrocytes,
aggregates cultured for 1 week in suspension were added
to conﬂuent monolayers of subcultured chondrocytes.
The results were similar to those described in the previous
section, with the presence of many chondrogenic plates
(Figures 2e, 2f). Fibroblastic cells were very scarce. Chon-
drogenic plates were typically made up of a central aggre-
gate surrounded by polygonal cells and some polymor-
phic cells peripherally. This arrangement coincides with2004:2 (2004) Auricular Chondrocytes on Plastic Surfaces 89
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Figure 2. (a) Immunoﬂuorescence of type II collagen shows intense labelling in aggregates cultured in suspension, OM 25 X. (b)
Aggregates transferred onto plastic form stable plates of diﬀerentiated chondrocytes with cartilaginous nodules (arrow), OM 25 X.
(c) A cartilaginous nodule with central round cells (arrow), intermediate polygonal cells (asterisk), and peripheral ﬁbroblastic and
polymorphic cells, OM 25 X. (d) Type II collagen is extensively produced by round and polygonal cells, OM 25 X. (e) Addition of
aggregates to dediﬀerentiated monolayer cultures; note the extensive presence of round cells surrounded by extracellular matrix (up-
per) and polygonal cells surrounded by a refractile matrix (lower), OM 50 X. (f) Addition of aggregates to dediﬀerentiated monolayer
cultures; positive alcian blue staining, OM 25 X.
what was reported by Ishizeki et al [34, 35] for the culture
of Meckel’s cartilage chondrocytes of fetal mice. The syn-
thesis of type II collagen was extensive and the proteogly-
can staining was positive (Figure 2f).
DISCUSSION
Phenotypically stable chondrocytes are needed for
many experimental purposes. However, the diﬀerentiated
phenotype is unstable and diﬃcult to maintain in cul-
ture. Chondrocytes undergo a rapid change in pheno-
type, termed dediﬀerentiation, when isolated from carti-
l a g et i s s u ea n dc u l t u r e do nt i s s u ec u l t u r ep l a s t i c .T h e s e
dediﬀerentiated cells rediﬀerentiate in suspension cul-
ture and the synthesis of cartilage extracellular matrix
molecules reinitiates, but cell proliferation decreases. The
control of chondrocyte proliferation, dediﬀerentiation,
and rediﬀerentiation is crucial for modern tissue engi-
neering techniques.
Cellsculturedonplastic
As occurs with other chondrocyte types, the culture
of auricular chondrocytes on plastic produces a dediﬀer-
entiation which turns these spherical cells into ﬁbroblast-
like cells. These dediﬀerentiated cells proliferate until they
form a conﬂuent monolayer. Metabolic changes in this
dediﬀerentiated state include a changeover from type II
collagen to type I collagen synthesis [14, 28, 32].90 V. Villar-Su´ arez et al 2004:2 (2004)
Cellsculturedinsuspension
Chondrocytes have previously been cultures in sus-
pension on agarose. Goldring [30] describes a method
similar to the procedure reported here, and stated that
cells ﬁrst form large clumps, then these began to break
up after 7–10 days, becoming a single cell suspension. No
such breakup was observed in the current work; apart
from diﬀerent cell sources, this seems likely to be the
outcome due of the agarose concentration in Goldring’s
method (1%) in comparison with the agar gel used here
(2%).
Theformationofsimilaraggregatesinsuspensioncul-
tures has been reported by Castagnola et al [5]i nc h i c k
embryo tibia chondrocytes on agarose-coated dishes, by
Shakibaei and De Souza [8]i nm e s e n c h y m a lc e l l sf r o m
mouse limb buds cultured in alginate, by Lunstrum et
al [10] in a rat mesenchymal cell line on bacteriological
dishes,byGagneetal[11]withhumanarticularchondro-
cytes in an alginate suspension culture system, by Stew-
a r te ta l[ 32] with equine articular chondrocytes, and
by Estrada et al [33] with porcine epiphyseal chondro-
cytes. As in the present study, in all cases these aggregates
showed phenotypic stability and the expression of some
markers of chondrocyte diﬀerentiation. However, in most
of these works, mainly with embryo chondrocytes, inves-
tigation ceased at this point.
Aggregatesculturedonplastic
Various methods to obtain pure chondrocyte popu-
lations using embryo cells have been described. Castag-
nola et al [5] report that chondrocytes from chick embryo
tibiae cultured in suspension in agarose-coated dishes re-
sumed the chondrocyte phenotype and their diﬀerenti-
ation to hypertrophy continued; in 3–4 weeks, a nearly
homogeneous population of single isolated hypertrophic
chondrocytes was obtained. Shakibaei and De Souza [8]
report that when isolated mesenchymal cells from mouse
limb buds are cultured in alginate, only a subpopulation
ofdiﬀerentiatedchondrocyteswasselected,showingasta-
ble phenotype until the end of the culture; ﬁbroblast-like
cellsbecamenecroticintheseconditions.Bydissolvingal-
ginate, cells which maintain their pericellular matrix can
be cultivated in micromass to give a pure chondrocyte
population. A similar method has been applied to redif-
ferentiate adult articular chondrocytes [19].
This study describes a similar method but using au-
ricular chondrocytes. We also report that aggregates in
suspension can be transferred to plastic surfaces resulting
in a considerable phenotypical stability. The results sug-
gest that the maintenance of a diﬀerentiated phenotype
on plastic occurs when chondrocytes have their pericellu-
lar matrix. We propose that cells deprived of their peri-
cellular matrix by enzyme digestion, such as dissociated
cells,attachtoplasticinadediﬀerentiated form.However,
cells that retain their original pericellular matrix or that
have reconstructed it in suspension attach to plastic with
ad i ﬀerentiated phenotype. By other methods, Stewart et
al[32]alsoconcludethisrelationshipbetweenpericellular
matrix and the stable expression of the articular chondro-
cyte phenotype in suspension culture. Indeed, the peri-
cellular matrix is the natural substrate of chondrocytes in
vivo.Therefore,theinﬂuenceofthepericellularmatrixon
the diﬀerentiation state of the chondrocytes hence seems
to be of major importance [36].
Additionofaggregatestodedifferentiated
monolayercultures
The addition of aggregates cultured for 1 week in
suspension to conﬂuent monolayers of dediﬀerentiated
chondrocytes produces many chondrogenic plates and
cell shape became round or polygonal. The cells synthe-
size type II collagen and proteoglycans. Shakibaei and De
Souza [8] report that mesenchymal limb bud cells cul-
tured in alginate were selected and, while attached to their
pericellular matrix, followed a chondrocyte pathway of
diﬀerentiation. In aggregates of auricular chondrocytes in
the present study, the pericellular matrix is visible around
the cells. These results suggest that the presence of some
diﬀerentiated chondrocytes surrounded by their pericel-
lular matrix inﬂuences the diﬀerentiation state of other
chondrocytes on plastic surfaces.
Chondrocytededifferentiationandredifferentiation
The maintenance of the diﬀerentiated phenotype on
plastic seems to depend on the presenceof some cellswith
their pericellular matrix. Chen et al’s experiments [36]
demonstrate similar behavior in chick embryo growth
plate chondrocytes. Chondrocytes in organ culture, and
thus with their own extracellular matrix environment,
maintain their state and progress in the diﬀerentiation
programme as in vivo. However, these same cells when
dissociated, without extracellular matrix, and cultured in
pellets, regressed in the diﬀerentiation program.
This interpretation may explain various behaviors ob-
served in adult chondrocyte culture. Dediﬀerentiation on
plastic would occur because cells lack their pericellular
matrix,owingtothedissociationprocess.However,chon-
drocyte aggregates, with newly-formed pericellular ma-
trix, can grow on plastic maintaining a certain diﬀerentia-
tion. Pellet or micromass cultures obviously promote the
aggregationandrediﬀerentiationofcellsinasimilarman-
ner.Itisalsoknownthatdediﬀerentiationisattenuatedby
culturing chondrocytes at high density.
Patti et al [4] have reported surprising results work-
ing with adult articular chondrocytes cultured on plas-
tic. They report that these cells in monolayer culture re-
tained their diﬀerentiated characteristics for more than
ﬁve months, including the ability to produce cartilage-
speciﬁc molecules. These results seem to contradict many
other studies. However, they report that as an outcome of
the dissociation method used “some single or aggregated
chondrocytes suspendedin the digest were surrounded by
remnants of territorial matrix.” Hence, it seems proba-
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included in the cultures were responsible for the diﬀeren-
tiation that these authors reported.
Consequently, a conclusion of this study is that, in ad-
dition to other known culture conditions such as cell den-
sity, chondrocyte behavior on plastic is strongly depen-
dent on the factors outlined above. Therefore, the pres-
enceofcellaggregatesshouldbekeptinmindinchondro-
cyte culture studies and in tissue engineering techniques.
As an example of their potential, de Chalain et al [37]
reported the production of a large amount of elastic car-
tilage from porcine and human chondrocytes when en-
zymatically isolated chondrocytes were agitated in sus-
pension, forming chondron-like aggregates, which were
further embedded in alginate and type I collagen. By
implanting these constructs in nude mice, neocartilages
were obtained closely resembling native auricular carti-
lage, both phenotypically and in matrix composition. We
think that these aggregates, similar to those in the cur-
rent study, might be an alternative to the use of isolated
chondrocytes in both chondrocyte transplant and tissue
engineering techniques. It is hoped that this report will
improve the knowledge of why this success was reached.
However,furtherinvestigationsfocusedontheregula-
tory mechanisms using molecular biology techniques are
needed to understand these processes and their practical
possibilities.
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